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1. Introduction
Although the interest in polymer/layered silicate
nano composites has ebbed somewhat recently, rela-
tively intensive work is going on in the field and a
large number of papers are published [1–14]. The de-
crease of interest is caused by the fact that the nano
hype has not been justified and a breakthrough has not
occurred in the application of such composites. Al-
though the original idea of creating a large interface
in the composite by the exfoliation of the silicate and
thus achieving strong reinforcement at small filler con-
tent is still valid [15–18], the main problem is that a
large extent of exfoliation and the control of nano -
composite structure could not be achieved practically
at all. A way to reach the original goal of layered sil-
icate nanocomposites is a more thorough study of
competitive interactions prevailing among all com-
ponents, the proper characterization of structure and
the determination of the role of the various structural
formations in the deformation, failure and properties
of the composites.
Since complete exfoliation is rarely or practically
never achieved, the structure of layered silicate com-
posites is complex. The main techniques used for the
characterization of such composites are transmission
electron microscopy (TEM) and X-ray diffraction
(XRD) [5, 15, 16]. The first is able to detect the pres-
ence of exfoliated, individual silicate layers, while
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the second gives information on the gallery structure
of non-exfoliated silicate stacks (tactoids). Both
techniques have drawbacks and the characterization
of the structure of layered silicate composites must
be supplemented with further methods. Because of
its high resolution TEM does not supply information
about larger structural entities, like larger stacks and
especially particles. XRD is used to supply informa-
tion on intercalation or exfoliation and the disappear-
ance of the silicate reflection from the XRD pattern
is falsely interpreted as a sign of complete exfolia-
tion [19–23]. Usually subtle changes in gallery struc-
ture are not analyzed sufficiently thoroughly and re-
flection intensity indicating the amount of non-ex-
foliated silicates is not evaluated quantitatively prac-
tically at all [24]. Several studies clearly proved that
the structure of layered silicate composites is com-
plex [24–27]. Usually it contains individual layers and
tactoids, but a silicate network may also form at larg-
er extent of exfoliation and large non-exfoliated par-
ticles are also present in the composite practically
always [24]. These latter usually are not detected,
because they are not looked for; their presence must
be checked by scanning electron microscopy (SEM).
The various structural entities behave differently dur-
ing the deformation of the composite and determine
local processes as well as the final properties of the
composites.
Another crucial question not treated according to its
importance is related to the interactions prevailing
in the composite. Usually organophilic silicate is used
for the preparation of these composites [22, 28–30].
Organophilization, i.e. the modification of the surface
by long aliphatic chains is falsely claimed to improve
compatibility between the matrix polymer and the
silicate [31, 32]. Layered silicates usually have very
high energy surfaces thus the polymer adheres to them
strongly. Organophilization decreases surface energy
and thus also the strength of interaction between the
polymer and the silicate [33]. The goal of organo -
philization is not to increase compatibility, but to de-
crease the strength of interactions among silicate lay-
ers, increase gallery distance and facilitate exfolia-
tion, unfortunately on the expense of decreasing ma-
trix/silicate interactions. It is clear, however, that
competitive interactions determine the structure and
properties of such composites which must be ana-
lyzed in order to understand their effect. The inter-
actions among the silicate layers compete with those
between the silicate and the polymer and both are
modified by the type and amount of surfactant used
for treatment.
Although an enormous number of papers have been
published on layered silicate composites prepared
from a wide variety of silicates and polymers up to
now [1–6, 15, 16], very few of them compare the in-
fluence of the same silicate on composite structure
and properties in different polymers [34, 35]. Differ-
ences in the structure of the matrix polymer lead to
dissimilar interactions and thus to different structure
and properties. In view of the considerations present-
ed above, the goal of this work was to compare in-
teractions, structure and properties in thermoplastic
polymer/layered silicate composites prepared with
the same organophilic silicate, but with different ma-
trix polymers. Special attention is paid to the analy-
sis of structure and to the estimation of interactions,
but structure-property correlations are also consid-
ered in the final section of the paper.
2. Experimental
2.1. Materials
The same organophilic silicate, Cloisite 20A (Rock-
wood Additives Ltd., USA), was used in all compos-
ites. Sodium montmorillonite is treated with dis-
tearyl-dimethyl-ammonium chloride to obtain the
organophilized product (OMMT). The ion exchange
capacity of the silicate is 92.6 meq/100 g, it is coated
with 37.8 wt% of the surfactant resulting in 106%
surface coverage, if we calculate it from the theoret-
ical specific surface area of the silicate (750 m2/g)
or 120% calculated from its ion exchange capacity.
The layer distance of the silicate is 2.7 nm corre-
sponding approximately to 6 aliphatic chains [33].
The average particle size of the filler is 13.9 μm from
the image analysis of SEM micrographs and 20.5 μm
determined by laser light scattering (Malvern Master
Sizer 2000).
Composites were prepared from the OMMT in four
matrices, a PP homopolymer, PLA and PA. The fourth
matrix was also PP, but a functionalized polymer,
maleated polypropylene (MAPP), was also added in
20 vol% (calculated for the silicate) in order to mod-
ify interactions. The most important characteristics of
the polymers used are collected in Table 1. 2000 ppm
Irganox 1010 and 2000 ppm Irgafos 168 stabilizers
were added to PP based composites to prevent degra-
dation during processing [36]. All composites con-
tained the silicate at 0.5, 1, 1.5, 2, 3, 5 and 7 vol%.
Under silicate content we always understand the
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amount of OMMT and not the neat, non-treated min-
eral.
2.2. Sample preparation
PLA and PA were thoroughly dried before each pro-
cessing step (homogenization, injection molding);
PLA at 100°C, 300 mbar vacuum for 12 hours, while
PA at 80 °C for 4 hours in an air-circulation oven.
The PP, PP/MAPP and the PLA composites were
prepared under similar conditions. The components
were homogenized using a Brabender DSK 42/7 twin-
screw compounder equipped with a filament die of
3 mm diameter at 30 rpm screw speed and at the tem-
perature profile of 180–190–200–210°C in the case
of PP, while at 190–200–210–220°C in the case of
PLA. The granules produced in the compounding step
were injection molded into standard ISO 527 1A ten-
sile bars using a Demag IntElect 550-30 machine.
The temperature profile used was 40–180–190–200–
210°C and die temperature 40°C, holding pressure
600 bar and holding time 35 s in the case of PP,
while 450 bar and 35 s in the case of PLA. PA com-
posites were processed by using a Berstorff ZE 34
Basic twin screw extruder at 60–210–225–230–230–
230°C and 50 rpm, while injection molding was done
using the same Demag machine as above with the
temperature profile of 40–235–240–250–260 °C at
the injection rate of 50 mm/s. The temperature of the
mold was 60 °C, while holding pressure and time
were 350 bar and 20 s, respectively.
2.3. Characterization
The morphology of the composites was character-
ized by various techniques. Transmission electron mi-
crographs were taken from ultrathin sections pre-
pared with a Leica EM FC6 apparatus by a Tecnai G2
Twin microscope (LB6, 200 kV). SEM micrographs
were recorded using a Jeol JSM 6380 LA apparatus
on fracture surfaces created by the cryogenic fracture
of neat and deformed samples. XRD traces were
recorded on the composites using a Phillips PW 1830/
PW 1050 equipment with CuKα radiation at 40 kV
and 35 mA anode excitation. The possible formation
of a silicate network was checked by rotational vis-
cometry using a Paar Physica USD 200 apparatus at
280 °C (PA), 190 °C (PP and PP/MAPP), 180 °C
(PLA) in oscillatory mode in the frequency range of
0.1–600 1/sec on discs with 25 mm diameter and
0.5 mm thickness in the parallel plate arrangement.
The amplitude of the deformation was 5%, which
was in the linear elastic region checked by an ampli-
tude sweep.
Mechanical properties were characterized by tensile
testing using an Instron 5566 apparatus. Tensile mod-
ulus was determined at 0.5 mm/min cross-head speed
and 115 mm gauge length, while other tensile char-
acteristics were measured at 5 mm/min speed. All ten-
sile bars were conditioned in an atmosphere of 50%
relative humidity (RH) and 23°C for 2 days before
testing. PLA specimens were stored for four weeks
before testing to allow physical ageing to take place.
Acoustic emission (AE) signals were recorded with
a Sensophone AED 40/4 apparatus. A single A11 res-
onance detector with the resonance frequency of
150 kHz was attached to the center of the specimen.
Pre-amplification was 20 dB and the peak amplitude
detected by the equipment is 108 dB μV. Reference
voltage was 1 mV. The threshold level of detection
was set to 20 dB. Volume strain (VOLS) was deter-
mined by measuring also the change in one lateral
dimension of the specimen by a strain transducer. The
same dimensional changes were assumed to occur in
both lateral directions. The measurements were car-
ried out at 5 mm/min cross-head speed. Five parallel
measurements were done in all mechanical and mi-
cromechanical experiments.
Interactions were estimated quantitatively by various
approaches. The reversible work of adhesion was cal-
culated from surface tensions determined by inverse
gas chromatography for the silicate [33] and by con-
tact angle measurements for the polymers. The effec-
tive load bearing capacity of the silicate was estimat-
ed from the composition dependence of tensile yield
stress by an appropriate model [37, 38]. Debonding
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Table 1. The most important characteristics of the polymers used in the experiments
aMv, intrinsic viscosity, in conc. sulfuric acid, at 25°C, a = 0.78, K = 3.32·10–2 cm3/g, b230°C/2.16 kg, c190°C/2.15 kg
Polymer Type Producer
Mn
[g/mol]
Mw/Mn
MFI
[g/10 min]
Density
[g/cm3]
PP Tipplen H649F Mol, Hungary 68900 4.4 2.77b±0.03 0.90
MAPP Orevac CA Arkema, France 25000 8.6 125.2c±2.4 0.90
PLA Ingeo 4032 D Nature Works, USA 88500 1.8 3.73c±0.19 1.24
PA Domamid 27 Domo Chem., Belgium 39600a – 20.0b±2.0 1.14
stress [39] and a quantity characterizing interfacial ad-
hesion was also derived from the results of acoustic
emission experiments [40].
3. Results and discussion
The results of the experiments are presented and dis-
cussed in several sections. The composition depend-
ence of mechanical properties is compared first for
the four matrices then structure and local deforma-
tion processes are analyzed next. A separate section
is dedicated to interactions and then correlations be-
tween structure and properties are discussed in the
last section together with relevance to practice.
3.1. Properties
One of the main advantages, if not the main advan-
tage, of layered silicate nanocomposites is the as-
sumed large reinforcement obtained with a small
amount of filler. Reinforcement means the increase
of stiffness or strength, or both. The absolute increase
in stiffness is not very impressive in our composites,
modulus increases from 1.29 to 1.31 GPa upon the ad-
dition of 7 vol% silicate to PP, while it changes from
1.09 to 2.75 GPa in PA. Stiffness as large as 10 GPa
can be achieved in PP reinforced with carbon fibers
[41]. The results obtained show that the basic idea
does not work and the goal of large reinforcement is
not achieved in our case. However, we are interested
more in interactions and relative changes and these
are different across the four matrices used.
The relative modulus of the four composites is plotted
against silicate content in Figure 1. Stiffness increases
in all four cases, but in different extent. Although
dissimilar relative increases were expected before
the experiments, the order of the composites is some-
what surprising. The extent of reinforcement depends
on the stiffness of the matrix and much less on ho-
mogeneity or interactions. The considerable increase
of stiffness upon the introduction of the MAPP cou-
pling agent and the small values obtained for PLA
indicate dissimilar interfacial adhesion and/or differ-
ent extent of exfoliation in the four cases.
Properties measured at larger deformations are influ-
enced much more by these factors, i.e. structure and
interactions, than stiffness. The relative yield stress
of the four composites are plotted as a function of
OMMT content in Figure 2. The relative order of the
four composites remained the same as in the case of
stiffness, but the differences are much larger. True re-
inforcement is achieved in PA, while yield stress de-
creases considerably for PLA and PP. Better adhesion
in the PP/MAPP matrix resulted in a considerable
increase of yield stress compared to neat PP. The re-
inforcing effect of any filler or reinforcement is dif-
ficult to judge from the absolute value of yield stress
or even from the relative value related to the matrix
polymer, since the effect of the effective matrix cross
section must be considered [37, 38, 42] and matrix
characteristics also influence reinforcement. Never-
theless, we can establish unambiguously that the dif-
ferent chemical structures of the matrix polymers
studied result in dissimilar properties, presumably as
an effect of different composite structures and inter-
actions.
Hári et al. – eXPRESS Polymer Letters Vol.11, No.6 (2017) 479–492
482
Figure 1. Relative modulus of polymer/silicate composites
plotted as a function of OMMT content. Symbols:
(○) PP, (●) PP/MAPP, () PLA, (□) PA.
Figure 2. Effect of silicate content on the relative tensile
yield stress of polymer/OMMT composites. Sym-
bols are the same as in Figure 1
The deformability of the composites is presented in
Figure 3 as a function of composition. Elongation-
at-break decreases with increasing silicate content in
all cases, as expected. However, the actual values
cover a wide range from very small to reasonable de-
formability. Improved interfacial adhesion results in
very small deformability in the PP/MAPP compos-
ites and the small values obtained for PLA are more
or less expected. The relatively large elongations
measured in the PA composites are rather surprising
especially in view of the fact that the largest rein-
forcement, both in stiffness and yield stress, was
achieved in this polymer. Large stiffness usually leads
to small deformability and fracture resistance. All
mechanical properties measured indicate consider-
able differences among composites prepared with
the four matrices probably because of dissimilar
structure, interactions and possibly due to the influ-
ence of local deformation processes.
3.2. Structure
At the dawn of nanocomposite research all compos-
ites containing an organophilized layered silicate
were claimed to have exfoliated structure [32, 43–45].
Since more detailed investigations showed that this
is not true, structure changed to exfoliated/interca-
lated instead [5, 16, 46], but the complexity of struc-
ture was still largely ignored. The ultimate proof of
exfoliation was practically always a TEM micro-
graph showing individual silicate platelets. However,
usually a few plates can be detected practically in
every composite, thus it is better to look for other ev-
idence as well. Above a certain extent of exfoliation
individual platelets form a silicate network, which
can be detected quite well by melt rheology. Cole-
Cole plots of the components of complex viscosity
yield a regular or somewhat distorted arc, if the ma-
terial possesses a single relaxation time, or a narrow
distribution of relaxation times. The Cole-Cole plot
of composites is also more or less a regular arc, when
the second component is homogeneously dispersed
in a matrix, but it strongly deviates from the arc if
additional structural formations appear in the melt
resulting in relaxation processes with two or more
separate relaxation times [47–49]. The Cole-Cole
plots of the composites are shown in Figure 4. The
correlation corresponds to a perfect arc indeed for
PP and also for PLA, i.e. for polymers in which re-
inforcement was the weakest. The addition of the
MAPP coupling agent distorts the arc considerably
and a completely different correlation is obtained for
PA indicating dissimilar structure. The extent of de-
viation corresponds to the order observed in mechan-
ical properties, on the one hand, while indicates the
possible formation of a silicate network, i.e. consid-
erable extent of exfoliation, on the other. Extensive
exfoliation and the presence of silicate layers are
demonstrated quite well by Figure 5 showing the
TEM micrograph of a PA composite.
Complete exfoliation obviously cannot be expected
in our composites, but tactoids, seen also in Figure 5,
as well as larger particles must be also present. The
XRD traces presented in Figure 6 clearly confirm
this assumption and show the presence of ordered
silicate structure. The first peak observed in the XRD
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Figure 3. Dependence of the relative elongation-at-break of
polymer/OMMT composites on silicate content.
Symbols are the same as in Figure 1.
Figure 4. Cole-Cole plots (η″ vs. η′) of polymer/organo -
philized silicate composites. OMMT content:
7 vol%. Symbols: (○) PP, (●) PP/MAPP, (◊) PLA,
(□) PA.
pattern is characteristic for silicate stacks (layer dis-
tance, regularity), while the second is just an over-
tone, thus we do not discuss it further. The compar-
ison of the XRD patterns to that of the neat OMMT
indicates some shift in the position of the silicate re-
flection the extent of which is the largest in PA and
much smaller in the other three polymers. Quite sur-
prisingly the regularity in the stacking of the platelets
increased considerably during homogenization in
PLA, the peak became much sharper and overtones
more intensive. The reason for the larger order is un-
clear and needs further investigation.
Although the appearance of the silicate reflection in
the XRD patterns proves the presence of tactoids and
particles, it does not tell anything about their amount.
In order to obtain a more quantitative estimate, the
silicate peaks were integrated [24]. Integration was
done in the Origin 8.5 software. A baseline was fitted
to the XRD traces taking into account the change in
background noise with decreasing 2θ degree. Then
a Lorentzian function was fitted to the peak and the
area under it was integrated. The peak area obtained
is plotted against silicate content in Figure 7. Al-
though intensity is influenced by a number of factors
like orientation and regularity, the quantitative com-
parison of the intensity of the silicate reflection in-
dicates that the extent of exfoliation, or structural
changes at least, is the largest in PA and very similar
in the other three composites. The small effect of
MAPP is somewhat surprising since earlier results
indicated that the coupling agent assists exfoliation
indeed [24].
The presence of larger particles is rarely checked in
layered silicate composites, although it may influ-
ence local deformation processes and ultimately the
overall properties of the composites considerably. As
the SEM micrographs presented in Figure 8 show,
smaller or larger particles are present in all compos-
ites. The composites were deformed up to twice their
yield strain, 2εy, before recording the micrographs.
Besides proving the presence of the particles, the mi-
crographs offer additional information as well. The
fracture of a large particle occurred in PP as shown
by Figure 8a. The size of the particle occupying the
center of Figure 8b is smaller and the orientation of
smaller entities around it indicate that the addition
of MAPP changes structure indeed. Finally apart
from the one large particle seen in Figure 8c, the
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Figure 5. TEM micrograph recorded on a PA/OMMT com-
posite containing 3 vol% silicate. Individual sili-
cate layers, tactoids and the possibility of network
formation.
Figure 6. XRD traces of polymer/OMMT composites con-
taining 5 vol% silicate
Figure 7. Correlation between the peak area of the silicate
reflection and the OMMT content of the compos-
ites. Symbols are the same as in Figure 1.
structure of the PA composite seems to be quite ho-
mogeneous. The two micrographs presented in Fig-
ures 8b and 8c indicate that besides particle fracture,
the debonding of larger particles also takes place
during deformation, i.e. particle related local defor-
mation processes occur which must influence the
properties of the composites.
3.3. Local processes
Because of their heterogeneous structure stress dis-
tribution is inhomogeneous in composites, thus local
deformations occur which depend on the elastic prop-
erties of the components, on structure and interac-
tions. These local processes were shown to determine
the final properties of composites before [50]. The
micrographs presented in Figure 8 prove that local
processes take place also in the layered silicate com-
posites discussed here. Some local processes can be
followed well by acoustic emission testing. Burst like
processes, like particle fracture or debonding, gen-
erate elastic waves which can be detected by piezo-
electric sensors. The result of such a test is shown in
Figure 9. Small circles indicate individual events (sig-
nals, hits) which were recorded during a tensile test.
The signals appear above a certain deformation
threshold and most of the events occur in a limited
range of deformation. The stress vs. strain trace is also
plotted in the figure as reference. Although the dis-
tribution of signals supplies valuable information
about the local process initiating it, it is difficult to
evaluate them, thus the cumulative number of signals
is also plotted in the figure. This confirms that most
of the signals are evolved above a threshold defor-
mation and stress, and that the trace goes to satura-
tion. Usually such traces are obtained when debond-
ing or particle fracture is the dominating local defor-
mation processes. Plotting the cumulative number of
signals against deformation allows the determination
of a characteristic deformation (εAE) and stress (σAE)
value as shown in Figure 9.
The cumulative number of signal traces are com-
pared to each other in Figure 10 for the four com-
posites all of them containing 5 vol% silicate. The
traces are very similar, but the number of detected
signals differs considerably. A relatively large num-
ber of signals are detected in PP and PLA, although
this latter fails at small deformation because the large
stiffness of the matrix is further enhanced by the
presence of the silicate. MAPP changes structure and
interfacial adhesion. Smaller particles do not fracture
and debonding is more difficult at stronger interfa-
cial adhesion, thus less signals are detected. We as-
sume that the debonding of a few particles yield
acoustic events in PA, in accordance with the largest
reinforcement and most homogeneous structure of
the composite prepared from this polymer.
Some of the local processes occurring during the
deformation of composites, like debonding and
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Figure 8. SEM micrographs showing large particles in polymer/OMMT composites. Silicate content: a) and c) 2 vol%,
b) 3 vol%. Specimens were deformed to 2εy before fracturing and recording the micrographs.
Figure 9. Acoustic emission testing of a PP/OMMT com-
posite. Silicate content: 5 vol%. (○) individual
acoustic events. Continuous lines are stress vs.
strain traces plotted as reference (left axis, red line)
and the cumulative number of signals vs. strain
correlation (right axis, blue line).
cavitation, are accompanied by volume increase
which can be followed by the measurement of vol-
ume strain. Other processes, like particle fracture or
the shear yielding of the matrix occur at constant vol-
ume. The volume strain measured during the defor-
mation of a PLA composite is presented in Figure 11
together with that of the neat matrix polymer as com-
parison. The initial increase of volume is caused by
the Poisson’s ratio of the polymer being different
from 0.5, but the steeper increase above 2.5% linear
elongation is the result of a local process. Several
processes may initiate volume increase, as men-
tioned above, among others debonding, crazing and
cavitation. Since SEM micrographs showed debond-
ing in most composites, it would be the obvious se-
lection as the source of volume increase. However,
a detailed microscopic study showed considerable
cavitation of the matrix both in PLA (see Figure 12)
and in PA composites thus it may contribute or even
dominate volume increase. Unfortunately, volume in-
crease could not be measured in PP composites since
the mechanical strain gauge used initiated the macro-
scopic yielding of the specimens. Nevertheless, we
can conclude that a number of local processes take
place during the deformation of our composites,
which may determine their macroscopic properties.
3.4. Interactions
The results presented above clearly show that the
structure of the composites is different and these dif-
ferences are reflected in their properties. Since the
chemical structure of the four matrices differs con-
siderably from each other we may safely assume that
also their interaction with the silicate is dissimilar.
The degree of exfoliation is determined by thermo-
dynamic and kinetic factors, thus surface properties
and interactions must be analyzed to explain struc-
tural differences. Parameters related to interactions
are listed in Table 2. The surface tension of the poly-
mers appears in column one. The smallest surface
tension was measured for PP, as expected. The sur-
face tension of the other two polymers is larger be-
cause of the polar groups in their structures and we
may assume that PA can form the strongest interac-
tions. The surface tension of MAPP was measured
as 34.5 mJ/m2, but because of its reactivity, it may
develop even chemical bonds with some of the com-
ponents of the composite [51]. We must pay special
attention to the surface tension of the organophilic
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Figure 10. Comparison of the cumulative number of signal
vs. strain traces for composites prepared with var-
ious matrix polymers. Silicate content: 5 vol%.
Figure 11. Volume strain of a PLA/OMMT composite. Sili-
cate content is 2 vol% (——). The correlation ob-
tained for the matrix polymer (-----) is shown for
comparison. The corresponding stress vs. strain
traces are also plotted as reference.
Figure 12. SEM micrograph taken from the fracture surface
of a PLA/OMMT composite containing 2 vol%
silicate. Extensive cavitation of the matrix.
montmorillonite. The non-treated silicate has a very
high surface energy [33] (~780 mJ/m2), but organo -
philization decreases it to the same level as the poly-
mers used in this study. Decreased surface energy has
the benefit of weaker adhesion among the silicate lay-
ers facilitating exfoliation, but also weaker interaction
with the matrix polymer. The balance of these com-
petitive interactions, which are of the same order of
magnitude, determines the extent of exfoliation. The
results also indicate that the interaction among the sil-
icate layers is still stronger than matrix/filler interac-
tions shown by the comparison of WAB = 132.6 mJ/m2
for the silicate layers compared to that of the PA/
OMMT composite which is 108.6 mJ/m2.
The direct determination of the strength of matrix/
filler adhesion is difficult, if not impossible, thus we
can only estimate it with various indirect methods.
The easiest is the calculation of the reversible work
of adhesion (WAB) from the surface tension of the
components as shown in Equation (1):
(1)
where p and d stands for the dispersion and polar
components of the surface tension (γ) of components 1
and 2, respectively. Work of adhesions reflect the re-
lations shown by surface tensions; the strongest ma-
trix/silicate interaction forms in PA and the weakest
in PP. The relatively strong interaction predicted for
PLA is somewhat surprising, especially if we con-
sider the results of mechanical testing shown in Fig-
ures 1 and 2.
The reversible work of adhesion approach is relatively
simple. However, it ignores specific interactions and
the determination of surface tensions is not very easy
either. Further information can be obtained about in-
teractions from acoustic emission experiments. If
debonding is the dominating deformation mecha-
nism, the separation of the matrix/filler interface
depends on several factors including interfacial ad-
hesion; see Equation (2)
(2)
where σD and σT are debonding and thermal stresses,
respectively, E the Young’s modulus of the matrix,
R the radius of the particles and Fa interfacial adhe-
sion. C1 and C2 are geometric constants related to the
debonding process. If we know them, we can calcu-
late Fa, since the rest of the variables are usually
known [40]. The values calculated from character-
istic stress values determined by acoustic emission
are listed in column four of Table 2. The results con-
firm the previously established order, the strongest
interaction develops in PA and the weakest in PP.
The relatively large value obtained for PLA is some-
what surprising as well as the smaller value obtained
for the PP/MAPP matrix. The drawback of the ap-
proach is that the fracture of particles also gives
acoustic signals and this may bias the evaluation of
the results. On the other hand, we may assume that
debonding also occurs as shown in Figures 8b and 8c
and that smaller particles do not break, but debond
thus the values presented in Table 2 give some indi-
cation about interfacial adhesion.
If debonding is the main local deformation process,
the strength of interaction can be estimated also from
the composition dependence of tensile yield stress
by an appropriate model given by Equation (3):
(3)
where σy and σy0 are the tensile yield stress of the
composite and the matrix, respectively, φ is the vol-
ume fraction of the silicate and B is related to its rel-
ative load-bearing capacity, i.e. to the extent of rein-
forcement, which depends among other factors also
on interfacial interaction. B parameters determined
from the tensile yield stress of the composites are list-
ed in column five of Table 2. The results show that the
strongest interactions develop in PA and the weakest
in PLA in this case. The values obtained for the other
two matrices are in between, but deviate somewhat
from the other two predictions. We must be aware of
the fact that two factors determine the value of B, the
extent of exfoliation through the contact surface be-
tween the silicate and the polymer and interfacial in-
teraction [37, 38]. Moreover, B is influenced also by
the corresponding property of the matrix, smaller
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Table 2. Quantities related to interfacial adhesion in poly-
mer/OMMT nanocomposites determined by various
approaches
aThe surface tension of OMMT is 66.3 mJ/m2 and that of MAPP is
34.5 mJ/m2.
Component
γs
a
[mJ/m2]
WAB
[mJ/m2]
Fa
[mJ/m2]
By
PP 33.7 76.4 158±40 1.5
PP/MAPP – – 198±32 3.5
PLA 43.5 95.0 292±49 1.2
PA 46.5 108.6 357±298 4.5
values are obtained in stiffer and stronger matrices.
In spite of the difficulties in evaluation and in taking
into account all factors, the message of the results is
clear: interactions are competitive, they are different
in the various polymers and determine structure as
well as properties.
3.5. Discussion, correlations
The properties of the composites are determined by
their structure and this latter is mainly controlled by
competitive interactions. Several local deformation
processes occur during the deformation of the com-
posites both in the matrix and around larger entities
of the silicate (stacks, particles). The ultimate prop-
erties of the composites are determined by the com-
bined effect of these factors. The relationship of var-
ious processes can be seen reasonably well if we
compare the composition dependence of character-
istic stresses as shown by Figure 13 for PA. The in-
crease of volume is initiated at relatively small
stresses. The related process was identified earlier as
cavitation [52]. Particle fracture and/or debonding
starts at slightly larger stress as shown by the char-
acteristic stress determined by the acoustic emission
measurement. Tensile yield stress and strength are
much larger indicating that local processes do not in-
fluence these later. Interactions determine the extent
of exfoliation, but composite properties are dominat-
ed mainly by matrix characteristics and not by inter-
actions or structure.
The role of local processes as well as interactions is
completely different in PLA (Figure 14). Acoustic
emission events are initiated at small stresses and be-
cause of weak interactions it can be mainly debond-
ing and some particle fracture. Volume strain initi-
ates yielding and this latter is close to the fracture of
the polymer. Particle related processes are not very
important in this polymer either. Although volume
strain could not be measured in PP the relationship
of the rest of the characteristic quantities indicate
that particle related processes are much more impor-
tant in this polymer both at poor and good adhesion,
i.e. with and without the MAPP coupling agent. This
statement is especially valid for neat PP, since im-
proved adhesion results in very small deformations
(see Figure 3) and premature failure.
The analysis of local processes showed that all com-
posites have some acoustic activity and according to
Figure 10 it is different in the various matrices. We
assumed that these processes are related to the num-
ber of non-exfoliated structural entities, mainly to
relatively large particles. This assumption is strongly
corroborated by Figure 15 showing the correlation
of XRD intensity of the silicate peak and the number
of acoustic signals detected up to the yielding of the
specimen. The correlations are relatively close in all
cases and the differences among the polymers are
obvious. Although acoustic activity depends on a
number of factors, it is clear that large particles are
present in all of the composites and they initiate local
deformation processes. Depending on the character-
istics of the matrix, these processes may lead to the
failure of the composite (PP).
The strength of interactions is crucial for exfoliation,
but it influences local processes as well. PLA proved
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Figure 13. Dependence of the characteristic stresses of PA/
OMMT composites on silicate content. Symbols:
() VOLS, volume strain, () AE, acoustic
emission, (□) yield stress, (○) tensile strength.
Figure 14. Characteristic stress values of PLA/OMMT com-
posites plotted against silicate content. Symbols
are the same as in Figure 13.
to be contradictory in many respects. Relatively strong
interactions were estimated by two methods, while
yield stress and parameters derived from it contra-
dicted this. We mentioned that parameter B depends
on the extent of exfoliation, but also on the charac-
teristics of the matrix. The relationship between this
parameter and matrix yield stress is plotted against
each other in Figure 16 for a series of polymer/zeo-
lite composites as reference. The results obtained for
the investigated four sets of composites are also plot-
ted in the figure. Most of the points fit the general ten-
dency quite well, only the PA composite deviates
more significantly, its performance is better than the
average. This deviation certainly results from larger
extent of exfoliation and stronger interactions. PLA
fits the general line thus the larger adhesion estimat-
ed from AE measurements is definitely caused by
the larger strength of this matrix. Although the struc-
ture of the polymer/silicate composites studied in
this work is complex and the relationships among
interactions, structure and properties are complicated
we can clearly establish the role of competitive in-
teractions in the determination of the extent of exfo-
liation and macroscopic properties.
4. Conclusions
The comparison of polymer/OMMT composites pre-
pared with four matrices of different chemical struc-
ture showed that competitive interactions among sil-
icate layers and between the silicate and the polymer
determine the extent of exfoliation and structure gen-
erally. The morphology of the composites is compli-
cated, various structural entities can be present in
them. Exfoliation is never complete, besides individ-
ual silicate layers, the composite can contain a sili-
cate network, stacks of silicate plates and larger par-
ticles in various amounts. Several local deformation
processes can take place around these structural en-
tities as well as in the matrix. The dominating process
depends on interactions, and on the size and amount
of the heterogeneities. The main particle related
processes are particle fracture and debonding, while
cavitation takes place in the polymer, at least in PA
and PLA matrices. The macroscopic properties of
layered silicate composites are determined by the
balance of the extent of exfoliation and interfacial
adhesion that decreases upon organophilization. In-
creased reinforcement and improved composite
properties can be achieved only by the proper control
of all interactions prevailing in the composite.
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Figure 15. Correlation between the cumulative number of
acoustic signals and the area under the silicate
peak in the XRD pattern of polymer/OMMT
composites. Symbols are the same as in Figure 1.
Figure 16. Dependence of the load bearing capacity of the
silicate (parameter By) on the yield stress of the
matrix; (○) polymer/zeolite composites used as
reference
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